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WisconsinABSTRACT To further foster the connection between particle based and continuum mechanics models for membrane medi-
ated biological processes, we carried out coarse-grained (CG) simulations of gramicidin A (gA) dimer association and analyzed
the results based on the combination of potential of mean force (PMF) and stress field calculations. Similar to previous studies, we
observe that the association of gA dimers depends critically on the degree of hydrophobic mismatch, with the estimated binding
free energy of >10 kcal/mol in a distearoylphosphatidylcholine bilayer. Qualitative trends in the computed PMF can be under-
stood based on the stress field distributions near a single gA dimer and between a pair of gA dimers. For example, the small PMF
barrier, which is ~1 kcal/mol independent of lipid type, can be captured nearly quantitatively by considering membrane deforma-
tion energy associated with the region confined by two gA dimers. However, the PMF well depth is reproduced poorly by a simple
continuum model that only considers membrane deformation energy beyond the annular lipids. Analysis of lipid orientation,
configuration entropy, and stress distribution suggests that the annular lipids make a significant contribution to the association
of two gA dimers. These results highlight the importance of explicitly considering contributions from annular lipids when con-
structing approximate models to study processes that involve a significant reorganization of lipids near proteins, such as
protein-protein association and protein insertion into biomembranes. Finally, large-scale CG simulations indicate that multiple
gA dimers also form clusters, although the preferred topology depends on the protein concentration. Even at high protein
concentrations, every gA dimer requires contact to lipid hydrocarbons to some degree, and at most three to four proteins are
in contact with each gA dimer; this observation highlights another aspect of the importance of interactions between proteins
and annular lipids.INTRODUCTIONIntegral membrane proteins play various essential roles in
biological processes such as cell signaling and molecular
transportations. To effectively carry out their functions,
many membrane proteins are known to be nonuniformly
distributed in the cellular membrane. Understanding the
physical mechanism for such protein-sorting phenomena
has been an active area of research. In some cases, the clus-
tering of specific classes of membrane proteins is driven by
direct linking of proteins (1–3) or lipid raft formation (4,5).
In other cases, it is believed that protein sorting is largely
driven by generic membrane-mediated interactions, such as
the hydrophobic mismatch (6) between proteins and the lipid
bilayer (7). Cluster formation of various proteins due to
hydrophobic mismatch has been shown for different systems
using various experimental techniques: for gramicidin using
x-ray diffraction (8); for a-helices and rhodopsin using
fluorescence resonance energy transfer (FRET) (9,10); for
gramicidin A (gA) using conductance measurements (11);
for a-helices using fluorescence microscopy; for gA using
heat-capacity measurements; and for a-helices, gA, and
bacterial mechanosensitive channels of large conductance
(MscLs) using atomic force microscopy (AFM) (12–14).Submitted June 5, 2012, and accepted for publication November 27, 2012.
*Correspondence: cui@chem.wisc.edu
Editor: Reinhard Lipowsky.
 2013 by the Biophysical Society
0006-3495/13/01/0128/11 $2.00Inspired by the mounting experimental evidence for
membrane-mediated protein redistribution and protein-
protein interactions, investigators have applied various
theoretical and computational methods to elucidate the
underlying physical principles. For the association of small
transmembrane helices, atomistic simulations have been
carried out to dissect various contributions (15). For the asso-
ciation of larger proteins, calculations have been limited to
coarse-grained (CG) simulations (16–19), liquid-state theo-
ries (20,21), and phenomenological continuum mechanics
models (7,22–26).
For example, de Meyer et al. developed a dissipative-
particle-dynamics (DPD) model for studying the potential
of mean force (PMF) between model membrane proteins
of various sizes (16). The model proteins consist of two
different types of CG beads that represent hydrophilic and
hydrophobic groups. By varying the hydrophobic length
and size of the model proteins, de Meyer et al. demonstrated
that the effective interaction depends quite sensitively on the
degree of hydrophobic mismatch, the three-dimensional
structure of the protein, and the bilayer properties. Schmidt
et al. (17) carried out a similar DPD simulation to study
membrane-mediated cluster formation of proteins with a
different model. The computed PMF showed trends similar
to those in the work of de Meyer et al. (16). More recently,
Parton et al. (19) reported another CG simulation study thathttp://dx.doi.org/10.1016/j.bpj.2012.11.3813
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b-barrels in the presence of hydrophobic mismatch using
the MARTINI force field (27), which is chemically more
realistic than the mesoscopic models (16,17). They also
explored the effect of membrane curvature by comparing
the clustering behaviors on lipid vesicles to those in bila-
yers. Although impressive, the results of those studies are
often interpreted at a qualitative level, leaving ambiguities
regarding factors that control the strength and pattern of
protein association/clustering in membranes.
Another popular approach to studying membrane medi-
ated interactions is to employ continuum elasticity theory,
which has a long history in membrane biophysics (23,28,29).
Most recently, Phillips and co-workers applied such a model
to analyze membrane-mediated interactions between two
membrane proteins that undergo transitions between con-
formations with different levels of hydrophobic mismatch
(26). Although they are elegant and rich in qualitative
physical insights, continuum models often assume that lipid
membranes obey an elasticity theory of constant material
properties, even for annular lipids and lipids confined
between the two proteins. Since many recent studies have
suggested that annular lipids have rather different properties
from bulk lipids (30–32), it is likely that the approximation
of constant material properties is oversimplified; to what
degree this influences predictions from continuum models,
however, has not been established.
The above discussion strongly suggests that it is valuable
to foster connections between particle based simulations
and continuum models for membrane mediated processes.
Although particle based simulations are increasingly being
used to describe complex processes that involve proteins
and biomembranes (33,34), using them together with con-
tinuum models gives a better understanding of the under-
lying physical principles that govern, for example, protein
association in membranes. On the other hand, once the
implications of fundamental approximations in continuum
models are understood by comparing them to more realistic
particle simulations, sophisticated continuum models are
potentially more effective for studying processes that in-
volve very large lengthscales and long timescales (35–38).
The specific problem we have chosen to analyze in this
context is the membrane-mediated interaction between
two gA dimers as a function of both the distance between
the two inclusions and the degree of hydrophobic mismatch.
Among the membrane proteins that have been shown to be
regulated by membrane properties, gA is a well established
molecular-force probe in single-molecule experiments (39).
This is because the dimerization energetics and kinetics of
gA subunits partitioned to each monolayer are coupled to
membrane mechanics, and the dimerization events can be
detected by measuring the conductance of cations through
the channel of a gA dimer. Moreover, a mechanism of lateral
redistribution by hydrophobic coupling of a pair of gA
dimers has also been experimentally well established (11);i.e., cluster formation of gA dimers is energetically favor-
able in the presence of hydrophobic mismatch.
Our approach is to use CG molecular dynamics simula-
tions based on the MARTINI force field (27), which
maintains the structural and chemical inhomogeneity of
proteins, as well as protein/lipid interfaces. The discrete
nature of the lipid molecules in our simulations also elimi-
nates the need for fundamental assumptions made in
continuum mechanics models (26). Therefore, we expect
that our study will provide more realistic descriptions of
the PMF between specific membrane proteins and help
test the importance of approximations made in previous
CG (16,17) or continuum mechanics (26) analyses. In addi-
tion to the PMF as a function of the distance between two
gA dimers, we calculate the distribution of the 3-D stress
field near the proteins. As demonstrated in previous studies
(27,40) and in the article accompanying this one (32), the
MARTINI force field leads to a detailed stress field in semi-
quantitative agreement with atomistic simulations. We take
advantage of this feature of the MARTINI force field and
demonstrate that the combination of PMF and stress field
analyses gives a better understanding of the membrane-
mediated interactions between two inclusions, especially
as regards the importance of annular lipids. Another issue
we briefly explore is the clustering behavior of multiple
gA dimers. Exploration of this type of simulation has begun
only very recently (19), and the results further highlight the
importance of interactions between proteins and annular
lipids. Moreover, the observed morphology and its depen-
dence on gA concentration can serve as a valuable bench-
mark for continuum models, for which many-body effects
are known to be important (24).
We first summarize our computational methods and
simulation setups. Next, we present PMF results and stress
field analysis for two gA molecules in lipid bilayers of
different thickness and, therefore, different degrees of
hydrophobic mismatch. To study the interaction between
multiple gA dimers, we also report results of CG simula-
tions with two different gA-dimer/lipid ratios. Finally, we
draw a few conclusions.COMPUTATIONAL METHODS
Coarse-grained simulations
For CG simulations, the MARTINI force field is used (27). Although we
have developed an extension of the MARTINI model based on careful
consideration of electrostatics (41), we use the original MARTINI model
here, because the system is not featured with highly charged species at
the membrane/water interface. We refer readers to our companion article
for further details regarding our CG gA dimer model (32). As shown in
Fig. S1 in the Supporting Material, the distribution results from CG simu-
lations for lipids near the gA dimer resemble closely the results from
atomistic simulations. Since protein-lipid and lipid-lipid interactions are ex-
pected to dictate the interaction between gA dimers, the MARTINI model is
appropriate for the study presented here. All CG simulations reported in
this article are carried out using the Gromacs package (42). TemperatureBiophysical Journal 104(1) 128–138
130 Yoo and Cui(323 K) and surface tension (0 dyne/cm) are kept constant using the
Berendsen scheme (43). The integration time step is 20 fs, and nonbonded
interactions are truncated at 12 A˚.PMF calculations
Initial conformations with two gA dimers are built by duplicating a preequi-
librated system of a gA dimer and 72 lipid molecules. As in the companion
to this article (32), three lipid systems are studied to probe the effects of
hydrophobic mismatch, with the degree of negative mismatch increasing
in the sequence of DMPC, DPPC, and DSPC. The final three systems
contain 1152 DMPC, DPPC, or DSPC lipid molecules, as well as two
CG gA dimers and CG water beads (Fig. 1). The membrane patch is
~200  200 A˚2. Because both membrane deformation and stress profile
around a gA dimer recover the bulk value at a distance of ~30 A˚ from
the protein center (32), this system size is expected to be large enough
for our purpose.
We compute the PMF as a function of distance between the two gA
dimers using two different and complementary methods: the weighted-
histogram-analysis method (WHAM) (44) and the force-integration (FI)
method (45,46). For the WHAM method, we use umbrella sampling (47)
to sample configurations along the reaction coordinate, which is taken to
be the distance between the centers of mass of the two gA dimers (x; see
Fig. 1 B). The distance is varied in the range 14–74 A˚ with a window
spacing of 1 A˚ using a harmonic biasing potential, Vumb,
Vumb ¼ 1
2
kxx
2; (1)
where the force constant, kx, is 10 kJ/mol$A˚
2. The sampling time per
window is ~250 ns, and data from all windows are combined using
WHAM to reconstruct the underlying PMF ðDGÞ between the two gA
dimers. Errors of PMFs are estimated by standard deviations from six inde-
pendent trajectory segments. For the FI method, we use umbrella sampling
(Eq. 1) with kx ¼ 20 kJ/mol$A˚2 to sample conformations at 14<x<60 A˚FIGURE 1 Setup of the CG simulations for two gA dimers in the pres-
ence of different degrees of hydrophobic mismatch using the MARTINI
force field. (A) A snapshot from the simulation with two gA dimers
embedded in a DMPC bilayer. (B) Schematic of bilayer deformations (u)
due to the inclusion of two gA dimers (effective radius Rp) separated by
distance x. Throughout this report, we use a coordinate system with the
origin at the center of the two gA dimers; the x and z axes are parallel to
the line connecting the two protein centers of mass and the bilayer normal,
respectively. For convenience, we also define r1 and r2 as the radial distance
from the gA dimer at x<0 and x>0, respectively. u decreases monotonically
over the scale of r1;2 ¼ 20 30 A˚, depending on the lipid chain length (32),
and the unperturbed membrane thickness, h0, is recovered at large r1;2.
Biophysical Journal 104(1) 128–138with a spacing of 1 A˚. The instantaneous force along the reaction coordi-
nate, Fx, is then evaluated by
Fx ¼ vUðxÞ
vx
¼ 
X3N
k¼ 1
vUðxÞ
vxk
vxk
vx
¼ F  vx
vx
; (2)
where UðxÞ is the potential energy. We then compute the ensemble average
of Fx at a fixed x, hFxix. Finally, we reconstruct the PMF by integrating
hFxix over the reaction coordinate:
DG ¼ 
Z
hFxixdxþ C; (3)
where C is an arbitrary constant. An advantage of the FI method is that the
PMF can be decomposed into contributions from different groups (15,48).
In particular, we decompose the PMF into three components,
DGPX ¼ 
Z 
FPXx

x
dxþ C; (4)
where P X indicates contributions from the interactions between pro-
teins and component X (where X ¼ fPðproteinÞ;LðlipidÞ;WðwaterÞg).
The PMFs and the mean forces from the two different methods are in excel-
lent agreement (see Fig. S2), and an example of the decomposed mean
forces is presented in Fig. S3 for the case of DSPC. We note that the decom-
position scheme according to Eq. 4 contains contributions only from inter-
actions that have an explicit projection onto x; for example, changes in
lipid-lipid interactions are only implicitly reflected in protein-lipid contri-
butions. Finally, note that we correct all the PMFs by a Jacobian factor,
kBT lnðxÞ (49).Stress-field and membrane-deformation-energy
calculations
To better understand the features of the calculated PMF curves, stress field
and membrane deformation energy are calculated for three x values, 15, 30,
and 60 A˚, for each lipid type. See our companion article (32) and the Sup-
porting Material for details of the stress field calculations and a discussion
of convergence. It is worth noting that the elastic network used to maintain
the structure of the gA dimers does not contribute to the stress profiles in the
regions of interest here; as shown in Fig. S11, stress from the elastic
network is essentially limited to the interior of the protein (r% 5 A˚).
For the stress analysis at short gA dimer separation, it is necessary to
apply an additional restraining potential to each gA dimer, Vrest, to help
maintain the orientation of the gA dimers normal to the bilayer plane
(see Stress analysis at xmin<x<xmax, below):
Vrest ¼ 1
2
kr
ðxl  xuÞ2þðyl  yuÞ2; (5)
where the force constant kr is 100 kJ/mol$A˚
2, and xl; yl and xu; yu are the x; y
coordinates of the lower-half and upper-half centers of mass of a gA dimer.
The bilayer deformation energy, Ecomp, is computed by integrating the
deformation energy density over x and y,
Ecomp ¼
Z
r1;r2>10 A
KA
2

uðx; yÞ
h0
2
dxdy; (6)
where r1; r2 are the distances from each of the gA dimers, uðx; yÞ is the
bilayer deformation in the normal direction at ðx; yÞ, h0 is the unperturbed
bilayer thickness, and KA is the bilayer area stretch modulus determined in
our companion article (32). Note that the deformation energy is evaluated
only for regions beyond the annular lipids, since the latter have very
A B
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(32) and below).DC
FIGURE 2 PMF (A) and its decompositions (B–D) as functions of the gA
dimer-gA dimer center-of-mass separation (x). (A) The soft energy barriers
are highlighted in inset. Only the error bars for the DSPC simulations are
shown in gray shade for clarity. The error bars for other simulated systems
are comparable. (B–D) Decompositions of the PMFs in DMPC (B), DPPC
(C), and DSPC (D) into three interaction types: protein-protein (DGPP,
blue), protein-lipid (DGPL,red), and protein-water (DGPW ,black).Configurational entropy for lipids
To better understand the difference in configurational entropy between
annular and bulk lipids, we use the quasiharmonic approach (50–53) to esti-
mate the entropy of lipid tails as a function of distance from a single gA
dimer:
S ¼ kBT
2
ln det

1þ kBTe
2
Z2
D
	
; (7)
where D is a covariance matrix of a single tail (either sn-1 or sn-2), e is the
Euler’s number, and Z is Planck’s constant divided by 2p. To avoid compli-
cations due to lipid exchange between the annular and bulk regions, we
constrain the position of the glycerol group of each lipid (type GL1 bead
in the MARTINI model), which is reasonable for our purpose because we
focus on the configurational entropy of the lipid tails. Without this
constraint, the residence time of annular lipids (at ~10 A˚ from the protein
center) is at most ~10 ns (Fig. S10). To converge the calculations, CG simu-
lations>500 ns are carried out for each lipid type. The quantitative scale of
the results is similar to those of Baron and co-workers for pure lipid bilayers
using the MARTINI model (52,53). Note that previous studies have shown
that, due to reduction in the number of degrees of freedom, the configura-
tional entropy of hexadecane computed using the MARTINI model is about
four times smaller than that computed using atomistic models (52,53). For
relative trends among lipids at different distances from the protein,
however, the MARTINI model is expected to be appropriate (also see
Fig. S7).Cluster simulations
To probe the interaction between multiple gA dimers, we carry out two
cluster simulations with two different gA dimer/lipid ratios, 1:72 and
1:20. The two systems are simulated for 17 ms and 7.5 ms, respectively.
See the Supporting Material for more details.RESULTS AND DISCUSSION
Overview of the PMF from CG simulations
The PMF as a function of the distance between the centers
of mass (CM) of the two gA dimers, x, is shown in
Fig. 2 A for three different lipid bilayers (DMPC, DPPC,
and DSPC). The contributions to the PMFs by protein-
protein ðDGPPÞ, protein-lipid ðDGPLÞ, and protein-water
ðDGPWÞ interactions are also shown (Fig. 2, B–D). In
general, DGPP and DGPL show opposite trends at x >
20 A˚ because protein-lipid contacts are gradually replaced
by protein-protein contacts (Fig. 2, B–D). Interestingly,
DGPL significantly depends on lipid type (see discussion
below).
As shown in our study of stress distribution around
a single gA dimer (32), compression in the normal direc-
tion of the bilayer due to hydrophobic mismatch disappears
at ~x> 25–30 A˚ from the central axis of a gA dimer. Thus, it
is expected that two gA dimers start to sense each other
when their CMs are separated by ~50–60 A˚. Indeed, the
PMF curves start to rise at x ~ 50–60 A˚. The range of inter-action between two gA dimers is ordered by the degree of
hydrophobic mismatch: DSPC > DPPC > DMPC. From
the separation of initial interactions, the PMF curve mono-
tonically increases as x decreases, till it reaches a maximum,
DGmax, at x ¼ xmax; the value of xmax depends on lipid
type (or degree of hydrophobic mismatch): xmax ~ 3.6,
3.0, and 2.2 for DSPC, DPPC, and DMPC, respectively.
The magnitude of DGmax, however, does not depend much
on lipid type and is ~1 kcal/mol for all three cases studied
here; the physical origin of the soft repulsive potential
will be discussed below using stress field calculations. At
x < xmax, the PMF monotonically decreases to a minimum,
DGmin, at x ¼ xmin. In contrast to xmax, xmin does not depend
sensitively on lipid type, whereas the free-energy well
depth varies significantly with the degree of hydrophobic
mismatch: xmin ~14–16 A˚ for all three lipid systems, and
DGmin is ~2, 6, and 11 kcal/mol for DMPC, DPPC,
and DSPC, respectively. At x ¼ xmin, proteins are in direct
contact, without any lipids between them. Therefore, the
effective radius of gA, Rp, is ~7–8 A˚.
In the previous DPD simulations (16), for a model
protein/bilayer system similar to the gA dimer/DMPC
system we study here, the PMF exhibits a behavior qualita-
tively similar to that shown in this work: DGmax  1 kBT
at xmax  50 A˚ and DGmin  5 kBT at xmin  15 A˚.
The quantitative difference (the magnitude of DGmax and
DGmin) from this work likely results from the different
levels of detail in the two studies. To explain the physical
origin of the soft repulsive energy barrier, Smit and co-
workers proposed a concept called hydrophilic shielding
(16), which suggests that lipid molecules in the vicinity ofBiophysical Journal 104(1) 128–138
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proteins reorganize so that energetic penalty is minimized.
Although the concept provides valuable insights into
membrane-mediated protein-protein interactions, it was
not used to quantitatively explain either the soft repulsive
free energy barrier or the free-energy well depth. In this
work, by taking advantage of the more detailed MARTINI
model, which allows realistic stress field calculations,
a simple consideration of elastic deformation associated
with the normal and lateral compressions of the membrane
due to hydrophobic mismatch provides a useful estimate of
the barrier. This is shown in the next section.C
FIGURE 3 Distribution of lipids and stress profile around the gA dimers
when they are separated by 30 A˚ in a DPPC bilayer. (A) Number density
(nm1) of gA dimer (gold), lipid hydrocarbons (rainbow), and lipid phos-
phates (gray). (B and C) Normal and lateral stresses, respectively. Note
that the region with jpNj; jpLj>1000 bar inside the gA dimers is not colored.
Density and stress data shown here are averaged over jxj<5 A˚. Dashed
boxes depict two regions, at jyj<5 (Region ①) and 25<jyj<30 A˚ (Region
②), which are used to represent confined and unconfined regions in
Fig. 4 and Fig. S4. Note that the difference in stress profiles inside the
proteins arises due to the particular choice of coordinate origin, not from
poor convergence. See Supporting Material for details.Nature of the PMF barrier and stress analysis at
x  xmax
As shown in Fig. 2 A, the calculated PMF curves exhibit
a soft energy barrier at x ¼ xmax  30 A˚. Fig. 2, B–D,
clearly show that the soft energy barriers mainly arise
from changes in protein-lipid interactions. As mentioned
above, changes in DGPL imply contributions from changes
in lipid-lipid interactions. To further elucidate the physical
origin of this barrier, we perform stress analysis at x ¼ 30
A˚ for all three lipid systems. Number densities, normal
stress ðpNÞ, and lateral stress ðpLÞ at x ¼ 30 A˚ in DPPC aver-
aged over jyj<5 A˚ are shown in Fig. 3, A–C. The number
density map of the gA dimers in Fig. 3 A indicates that
the orientations of the two gA dimers are consistently
normal to the bilayer plane. The number density map
of lipid hydrocarbons indicates that the confined region
between the two gA dimers (①: jxj<5, jyj<5 A˚) is more
compressed in the normal direction than is the unconfined
region (②: 25<jxj<30, jyj<5 A˚). Indeed, stress distributions
in Fig. 3, B and C, also indicate that the confined region is
more compressed in both normal and lateral directions.
For more quantitative comparisons, hydrocarbon density,
pN, and pL are further averaged in regions① and②, and the
results are plotted as functions of z for the three systems in
Fig. 4, A–F, and Fig. S4, A–C. The density plots in Fig. 4,
A–C, reveal that the increase in bilayer deformation, u,
due to confinement depends on the lipid type; for example,
u increases by ~2 and 4 A˚ for DMPC and DSPC, respec-
tively (see insets). As a result, pN (Fig. 4, D–F) and, to
a lesser degree, pL (Fig. S4, A–C) are increased ( 50 bar
for pN) at jzj<10 A˚ in the confined region compared to the
unconfined regions.
Further, we compute bilayer deformation energy, Ecomp,
at x ¼ 30 and 60 A˚ using Eq. 6, and the results are summa-
rized in Table 1. For DMPC, DPPC and DSPC, Ecomp is
increased by 0.0, 1.0, and 1.3 kcal/mol, respectively, as x
decreases from 60 to 30 A˚. Thus, the increase in Ecomp
accounts for most of the PMF barrier, suggesting that the
physical origin of the soft PMF barrier is overcompression
of the membrane due to two approaching gA dimers. This
is consistent with our finding presented in the companionBiophysical Journal 104(1) 128–138article that continuum elasticity theory holds at r1;2>10 A˚
(32). Indeed, using a continuum mechanics model based
on linear elasticity, Ursell et al. captured a soft energy
barrier between two open MscL conformations in the pres-
ence of negative hydrophobic mismatch (26).Origin for the PMF well—importance of annular
lipids
As discussed earlier, the PMFs of two gA dimers drop
significantly when the gA dimers are in direct contact:
DGmin ¼ 2, 6, and 11 kcal/mol, for DMPC, DPPC,
and DSPC, respectively (Fig. 2 A). Qualitatively, this is ex-
pected, since the membrane deformation energy due to
hydrophobic mismatch is reduced upon dimer contact, i.e.,
the area of deformed membrane is smaller compared to
when the two gA dimers are far apart. However, as shown
in Table 1, changes in the bilayer deformation energy
upon association, DEcompmin ¼ Ecompðx ¼ 15 AÞ  Ecompðx ¼
60 AÞ; are only 0:1, 1:1, and 1:8 kcal/mol for
A B C
FD E
FIGURE 4 Mean lipid hydrocarbon density and pN of DMPC (A and D),
DPPC (B and E), and DSPC (C and F) for regions ① (blue lines) and ②
(red lines), defined in Fig. 3 as representing confined and unconfined
regions, from simulations at x ¼ 30 A˚ are shown as a function of z. In
A–C, close-up views (insets) with z clearly show that hydrocarbon regions
are compressed by 1 2 A˚ in each leaflet, depending on lipid type.
Membrane Protein Association 133DMPC, DPPC, and DSPC, respectively. In fact, even if all
elastic membrane deformation near two distantly separated
gA dimers is relieved upon dimer contact, the magnitude of
the energy gain is far less compared to the calculated PMF
well depth, especially for DPPC and DSPC. The significant
discrepancies between computed the DGmin and DE
comp
min
suggest that DGmin is not dominated by the bilayer deforma-
tion energy in the elastic regime (r1; r2>10 A˚), as is
commonly assumed in analysis using elastic models.
What is missing from this comparison, clearly, is the
contribution from the annular lipids; as emphasized by
Eq. 6, the computation of DEcompmin pertains only to regions
beyond the annular lipids. For the barrier region, which
doesn’t involve any significant change in the number of
lipids near each gA dimer, it is acceptable to ignore explicit
contributions from the annular lipids. For the well region,
however, this major approximation is no longer valid,
because a few annular lipids are expected to be depleted
from the region between the two gA dimers upon dimer
contact, and the number of depleted lipids depends on the
lipid type (see Fig. 5, G and H). Therefore, an entropic
gain due to lipid depletion, which is partially compensated
by the loss of protein-lipid interaction, should be considered
for the dimer-formation free energy. Indeed, Fig. 2, B–D,
show the critical roles of annular lipids. In Fig. 2, B–D,TABLE 1 Summary of bilayer deformation energies (in
kcal/mol) at different x
x (A˚)
15 30 60
DMPC 1.1 1.2 1.2
DPPC 1.2 3.3 2.3
DSPC 2.3 5.4 4.1
gA dimer separation (x) values are from CG simulations of different lipid
bilayers.DGPL at x  20 A, where the gA dimers are separated by
at most a single layer of annular lipids, is ~4 kcal/mol
regardless of lipid type. Interestingly, the free energy drop
upon the loss of this annular lipid layer (i.e., x changes
from 20 to 15 A˚) significantly depends on lipid type (e.g.,
 0 for DMPC and about 4 kcal/mol for DSPC). To better
understand the magnitude and signature of the depletion
effect, we first examine the properties of annular lipids
from our CG simulations, and then carry out stress analysis
in the region xmin<x<xmax.
Properties of annular lipids around a gA dimer
The differences in the motional, mechanical, and diffusional
behaviors of annular and bulk lipids were clearly analyzed
by Kim et al. in a recent atomistic simulation of gA dimers
in several lipid bilayers (31). It was shown that the annular
lipids have a notably higher area compressibility modulus,
more ordered acyl chain dynamics, as reflected by the higher
SCD order parameters, and substantially reduced diffusion
constants. In our work, we observed similar trends with
the CG model. For example, as shown by the directional
cosine plots in Fig. 5, A–D, the orientations of the hydro-
carbon bonds depend on the distance from the protein; the
first-shell (r<10 A˚) lipids have the most distinct orientations
due to protein-lipid interactions. We use the directional
cosines here because SCD characterizes the orientation
only in the membrane normal direction and therefore is
a suitable measure of lipid (dis)order only when there is
no orientational preference in the membrane plane. For
annular lipids, the nearby protein causes notable anisotropy
in the lateral direction, and therefore, the directional cosines
are more suitable than SCD for characterizing lipid-tail
disorder.
As expected, the annular lipids have more limited acces-
sible configurations compared to the bulk lipids. In the
frame fixed to the glycerol group, configurations of bulk
lipid tails form an umbrellalike ensemble (54). For example,
cos2 ar  cos2 aq of DSPC in Fig. 5, C and D, change from
~0.2 to 0.3 as we move along the lipid tail from the glycerol
group, consistent with the umbrellalike ensemble. On the
other hand, configurations of annular lipids are more limited
by the protein/lipid interface. cos2 ar decreases close to 0.1
while cos2 aq increases to 0.4 as the bond number increases,
indicating that the bond vectors are almost tangential to the
protein/lipid interface at the end of lipid tails. The orienta-
tions of lipid tails in all-atom simulations show similar
behaviors (see Fig. S5).
The decrease in the configurational space available to
lipid tails near the protein is illustrated more quantitatively
in Fig. 5, E and F, and Fig. S6, which clearly show, despite
the considerable spread of data, that the annular lipids have
TS values  1 2 kcal/mol lower per tail compared to the
bulk lipids. The AA entropy values (Fig. S7) point to similar
trends despite the systematic difference in absolute values at
the AA and CG levels (52,53). The numbers of depletedBiophysical Journal 104(1) 128–138
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FIGURE 5 Properties of annular lipids. (A–D) Orientations of CG hydrocarbon bonds in lipids depend on the distance from a gA dimer; r is measured
relative to the central axis of the gA dimer. Direction cosines are calculated in a cylindrical coordinate with the gA dimer at the origin and the z axis parallel
to the axis of the gA dimer. Time-averaged cos2 ar and cos
2 aq values as functions of the bond number are shown for DMPC (A and B) and DSPC (C and D)
systems. Atomistic simulation results have similar trends (Fig. S5). (E and F) Configurational entropy of CG hydrocarbon tails of lipids as a function of
distance between the GL1 bead and the axis of a gA dimer. Each data point (data from sn-1 and sn-2 chains are shown as red circles and blue triangles,
respectively) corresponds to the calculated entropy of a single chain from 1-ms simulations; note that the GL1 bead of each lipid is constrained in the x
and y directions to avoid complications due to lipid exchange. Results are shown for DMPC (E) and DSPC (F) systems. See Fig. S6 for the DPPC result
and Fig. S7 for estimates based on all-atom simulations from the accompanying article (32). (G and H) Changes in the number of CG lipid beads within
10 A˚ from a gA dimer (r1 or r2<10 A˚) relative to the numbers at x ¼ 60 A˚ as a function of x: (G), head beads; (H), and tail beads. (Insets) Bead numbers.
134 Yoo and Cuihead beads upon dimerization are ~10, 11, and 14 for
DMPC, DPPC, and DSPC, respectively (Fig. 5 G). Because
there are four beads/headgroup, these numbers correspond
to ~2.5, 2.5, and 3.5 lipids for DMPC, DPPC, and DSPC,
respectively. Considering that the entropic gain from the
depletion of a single lipid can be as high as 3–4 kcal/mol,
it is likely that lipid depletion accounts for a significant
portion of the DGmin, especially for DSPC. A more quanti-
tative estimate remains difficult, however, considering the
significant spread of the configurational entropy data in
Fig. 5, E and F, and Fig. S6.
Stress analysis at xmin<x<xmax
The effective force between two gA dimers at xmin < x <
xmax can be estimated using the slopes of the PMF
curves in Fig. 2 A. We estimate this effective force by
ðDGmax  DGminÞ=ðxmax  xminÞ ¼ 0:3;0:4, and 0:6
kcal/mol$A˚ for DMPC, DPPC, and DSPC, respectively. If
we model the gA dimers as two plates of width 10 A˚ and
height 40 A˚ that are separated by ~20 A˚, the difference in
pressure between the confined and unconfined regions that
causes an effective force of 0:3 to 0:6 kcal/mol$A˚
is ~50 to 100 bar.
To illustrate that the confinement at xmin<x<xmax induces
depletion of lipids and that the pressure difference inducedBiophysical Journal 104(1) 128–138by this depletion is consistent with the PMF slope, we
carried out stress calculations at x ¼ 20 A˚. If we carry out
this calculation with only a restraint for x (Eq. 1), the two
gA dimers form either n or ^ shape to fill the depleted
volume; lipids confined between the two gA dimers appear
only in one monolayer for all lipid types. For example,
Fig. 6 A shows the result for DSPC; a similar asymmetric
collapse occurs for other lipid types as well. To better esti-
mate the depletion force, we carry out stress calculations at
x ¼ 20 A˚ with additional restraints (Eq. 5) that maintain the
orientations of the gA dimers normal to the bilayer plane.
The resulting number densities from those simulations are
shown in Fig. 6 B and Fig. S8, A and B. Lipid-tail density
near x ¼ 0 A˚ is significantly lower than that at jxj ¼ 20 A˚
for all lipid types, clearly illustrating depletion of lipids
due to confinement. Interestingly, phosphate positions near
x ¼ 0 A˚ in Fig. 6 B and Fig. S8, A and B (gray) are rather
independent of lipid type, likely because several Trp resi-
dues from the two gA dimers anchor the membrane/water
interfaces strongly, as discussed in our companion article
(32). Indeed, the corresponding lateral stress profiles in
Fig. 6, C andD, reveal strongly attractive bands that connect
Trp residues of the two gA dimers near x ¼ 0 and jzj ¼ 10 A˚
regardless of lipid type. This normal compaction of lipid
headgroups reduces the volume of lipid hydrocarbons that
A B
DC
E F
FIGURE 6 Distribution of lipids and stress profile around the gA dimers
when they are separated by a single layer of lipids. (A and B) Number densi-
ties at x ¼ 20 A˚ in DSPC in the absence (A) and presence (B) of constraints
on gA orientations (Eq. 5) for gA dimer (gold), lipid hydrocarbon (rainbow)
and lipid phosphate (gray). (C and D) Lateral stress profiles in the simula-
tions with upright gA dimers at x ¼ 20 A˚ in DMPC and DSPC, respectively.
Note that the difference in stress profiles inside the proteins arises due to the
particular choice of coordinate origin, not from poor convergence. See Sup-
porting Material for details. Density and stress scale bars are identical to
those in Fig. 3. (E and F) Mean lateral stress, pL, in jxj; jyj<5 A˚ in
DMPC (E) and DSPC (F) for two gA dimers with x ¼ 2 nm as a function
of z in the presence of constraints on gA orientation (Eq. 5).
Membrane Protein Association 135can be packed, especially for lipids with longer chains, such
as DSPC. Therefore, one expects that lipids with a longer
chain length tend to be more depleted than those with
shorter chains, as supported by Fig. 5, G and H. To illustrate
the dependence of depletion force on lipid type, the lateral
stress profiles at x ¼ 20 and 60 A˚ are averaged over
jxj; jyj<5 A˚, and the resulting stress profiles are shown in
Fig. 6, E and F, and Fig. S9. Regardless of lipid type, signif-
icant drops in pL (i.e., attractive force) are observed at
x ¼ 20 A˚ compared to x ¼ 60 A˚, reflecting depletion of
lipid hydrocarbons. The mean lateral stress measurements
in jxj; jyj<5 A˚ are 29, 40, and 121 bar for DMPC,
DPPC and DSPC, respectively. These depletion forces are
consistent with the above estimates of ~50 to 100 bar
using the slopes of the PMF curves.
Implication to the application of continuummechanics models
It is noteworthy that the depletion effect is nonelastic
in nature; in other words, lipid molecules that mainly
contribute to the depletion force are those in direct contact
with the gA dimers at r1; r2<10 A˚, which, according to
our stress analysis (32), fall into the nonelastic regime.
The importance of the depletion force and the differences
between annular and bulk lipids suggest that commonlyused continuum models should be used with caution, espe-
cially for describing processes that imply a significant
change in the number of annular lipids, such as mem-
brane-mediated protein-protein interactions and insertion
of proteins into the membrane (55,56). In other words, a
reliable continuum model needs to include the nonelastic
free-energy components associated with the annular lipids,
especially when the magnitude of hydrophobic mismatch
is large.
For example, using a continuum mechanics model, Ursell
et al. estimated that the change in membrane deformation
energy when two open MscL channels associate in a
DPPC bilayer is ~15 kcal/mol (26). Considering that the
diameter of an open MscL ( 70 A˚) is about seven times
larger than that of a gA dimer (heights are similar) and
that membrane deformation energy is proportional to the
area of deformation, their estimate for MscL is qualitatively
consistent with the change in the membrane deformation
energy for two gA dimers upon association (~1 kcal/mol
for DPPC in Table 1). However, the study presented here
suggests that the total MscL-MscL association energy can
be stronger due to contributions from the annular lipids.
On the other hand, as discussed in our companion article
(32), the boundary condition used in continuum models at
the protein/lipid interface may also overestimate the magni-
tude of membrane deformation. Therefore, there can be
error cancellation between the two effects.Cluster formation of multiple gA dimers
The PMF calculations in Fig. 2 indicate formations of ener-
getically stable gA-dimer pairs in DPPC and DSPC bilayers,
yet it is uncertain whether large clusters of many gA dimers
will form and, if they do form, what the preferred topologies
are. To study the possibility of larger cluster formations, we
carried out a large-scale simulation with 256 gA dimers and
18,432 DPPC molecules (1:72 ratio) in a fairly large simu-
lation box (800 A˚ width), with gA dimers initially placed at
grid points with ~50 A˚ spacing. We ran this simulation for
about 17 ms, and the results are shown in Fig. 7, A–C. The
snapshot at the end of the simulation is shown in Fig. 7 A,
in which each gA dimer is depicted with a distinct color.
The mean number of gA dimers/cluster (i.e., the mean
cluster size) and the mean number of gA-dimer neighbors/
gA dimer (i.e., the mean contacts/gA dimer) are shown as
functions of simulation time in Fig. 7 B. The histogram of
the mean cluster size at the end of the simulation is shown
in Fig. 7 C. The results indicate that the typical cluster
size is at most three to four dimers (although larger clusters
are also observed), and each gA dimer has fewer than
three neighbors under this condition. Note that a basic
topology unit that satisfies the observed mean cluster size
and contact number is a triangle (see Fig. 7 B, inset, which
is consistent with the DPD simulation study showing that
a preferred topology of three membrane proteins underBiophysical Journal 104(1) 128–138
FIGURE 7 Results of cluster simulations with protein (gA dimer)/lipid
ratios of 1:72 (A–C) and 1:20 (D). (A) A snapshot taken at the end of
the simulation. Each gA dimer is colored with a distinct color. Dashed
black box depicts the simulation box. (B) Mean cluster size (blue) and
mean contact number/gA dimer (red) are shown as functions of simulation
time. (Inset) A close-up view of a representative cluster of seven gA
dimers. (C) Histogram of the mean cluster size at the end of the simulation.
(D) A snapshot taken at the end of the simulation with a protein/lipid ratio
of 1:20.
136 Yoo and Cuia negative hydrophobic mismatch is a triangle, not a
single line (57). This observation is also consistent with
the finding from a recent MARTINI simulation of a-helices
and b-barrels (1:450 protein/lipid ratio) (19).The authors of
that study also observed at most three to four neighbors per
protein.
To study how the cluster formation depends on protein
density, we carried out another simulation with a protein/
DPPC ratio of 1:20, and the snapshot at the end of the simu-
lation (7.5 ms) is shown in Fig. 7D. Under this condition, gA
dimers form relatively larger clusters. The topology of the
clusters is linear, with at most four neighbors per gA dimer,
and the size of the linear dimension is about twice the gA
diameter. Clusters with linear patterns have also been
observed in systems of a-helices, gA, and MscL at high
protein concentrations in the presence of negative hydro-
phobic mismatch using either fluorescence microscopy or
AFM, although the size of the linear pattern was unclear
(12–14,58). These results indicate that having more than
four neighbors for a gA dimer is energetically unfavorable
even at high gA-dimer concentrations. In other words, a
gA dimer requires at least about half of the hydrophobic
amino acids in direct contact with lipid hydrocarbons to
be energetically stable, highlighting another aspect of the
importance of protein-annular-lipid interactions.Biophysical Journal 104(1) 128–138CONCLUSIONS
In another study that aims to foster the connection between
particle and continuum models for membrane-mediated
processes (32,40,59,60), we carried out CG simulations
for gA dimers and stress analyses to better understand
how the membrane modulates protein-protein association.
First, we computed the PMF of gA dimer association in
three different lipid bilayers (and therefore different degrees
of hydrophobic mismatch). The PMF curves exhibit a soft
energy barrier (~1 kcal/mol independent of lipid type) at
x ¼ 22 36 A˚ and an attractive potential well (ranging
from 2 to 11 kcal/mol depending on lipid type) at
x ¼ 14 16 A˚. We elucidate the physical origin of the
soft PMF barrier and the attractive potential well using
mean-force based decomposition and detailed stress fields
at several x values; both types of analyses clearly point to
the importance of lipid contributions. The stress field at
x ¼ 30 A˚ quantitatively reveals that lipids confined between
two gA dimers are compressed, resulting in an increase in
membrane deformation energy comparable to the magni-
tude of the PMF barrier. Another stress field calculation at
x ¼ 20 A˚ reveals that depletion of lipids is a major driving
force for the lipid-dependent gA-dimer-gA-dimer associa-
tion. At this separation, membrane confined between two
gA dimers is severely compacted in the normal direction, re-
sulting in a constant membrane thickness in the confined
region. Due to this normal compaction of lipid, the magni-
tudes of depletion forces are highly dependent on lipid type.
We find that a simple continuum elasticity model that
describes membrane deformation beyond the annular lipids
can’t quantitatively explain the strong attraction between
two gA dimers in the presence of large hydrophobic
mismatch. Analysis of the lipid-tail properties as functions
of distance from the gA dimer shows that the orientation
of annular lipids is more tangential to the protein/lipid
interface, unlike the umbrella ensemble sampled by the
tails of bulk lipids. Moreover, configurational entropy of
annular lipids, compared to bulk lipids, contributes about
2 4 kcal/mol/lipid to the higher free energy. It is likely
that the difference between configurational entropies of
annular and bulk lipids and/or the number of depleted lipids
upon dimer formation account for the lipid-dependent
attraction between gA dimers.
Our analyses highlight the importance of explicitly con-
sidering contributions from annular lipids in quantitative
modeling of membrane mediated processes (59). This is
particularly important for processes in which lipid reor-
ganization near the protein is significant, such as protein-
protein clustering and protein insertion into membrane. To
model those processes using a continuum mechanics frame-
work requires going beyond the conventional models to
include contributions from effects such as lipid depletion.
This applies also to implicit membrane modeling tech-
niques, such as various modeling techniques based on the
Membrane Protein Association 137generalized Born/Poisson-Boltzmann model for electro-
statics (61,62), even when explicit membrane deformation
is considered (55). In the context of implicit water models,
we note that it has been well appreciated that the first layer
of solvent molecules behave rather differently from bulk-
solvent molecules and therefore ought to be treated explic-
itly, especially when describing processes that involve a
major change in the solvent-accessible area (63). The effect
of annular lipids is somewhat similar, with additional com-
plications due to the larger configurational entropy poten-
tially accessible to lipid tails.
Finally, our large-scale MARTINI simulations of sponta-
neous cluster formations suggest that large hexagonal clus-
tering of the gA dimers is unlikely. Instead, it seems that
every gA dimer in our simulations requires contact with
lipid hydrocarbons to some degree, and at most three to
four proteins can be in contact with each gA dimer; this
observation highlights another aspect of the importance of
protein-annular-lipid interactions. As a result, clusters of
only a few gA dimers are observed at low protein concentra-
tion (protein/lipid ¼ 1:72), and linear-pattern clusters are
observed at higher protein concentration (protein/lipid ¼
1:20). The dimension of the linear-pattern clusters is likely
to be twice the protein diameter, an observation that remains
to be better characterized experimentally.
Additional details of the stress calculations and cluster
simulations, as well as additional results for the decomposi-
tion of PMFs, lateral pressure profiles, and annular lipid
properties, are included in the Supporting Material.SUPPORTING MATERIAL
Eleven figures, details of the stress field calculations, and cluster simula-
tions are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(12)05060-6.
Computational resources from the National Center for Supercomputing
Applications at the University of Illinois and the Center of High Throughput
Computing at UW-Madison are greatly appreciated.
This research was supported by the National Institutes of Health (R01-
GM084028).REFERENCES
1. Colledge, M., and S. C. Froehner. 1998. To muster a cluster: anchoring
neurotransmitter receptors at synapses. Proc. Natl. Acad. Sci. USA.
95:3341–3343.
2. Feng, G., H. Tintrup, ., J. R. Sanes. 1998. Dual requirement for ge-
phyrin in glycine receptor clustering and molybdoenzyme activity.
Science. 282:1321–1324.
3. Wu, Y., J. Vendome,., B. Honig. 2011. Transforming binding affin-
ities from three dimensions to two with application to cadherin clus-
tering. Nature. 475:510–513.
4. McIntosh, T. J., and S. A. Simon. 2006. Roles of bilayer material prop-
erties in function and distribution of membrane proteins. Annu. Rev.
Biophys. Biomol. Struct. 35:177–198.
5. Dustin, M. L., and J. T. Groves. 2012. Receptor signaling clusters in the
immune synapse. Annu. Rev. Biophys. 41:543–556.6. Andersen, O. S., and R. E. Koeppe, 2nd. 2007. Bilayer thickness and
membrane protein function: an energetic perspective. Annu. Rev.
Biophys. Biomol. Struct. 36:107–130.
7. Idema, T., S. Semrau,., T. Schmidt. 2010. Membrane mediated sort-
ing. Phys. Rev. Lett. 104:198102.
8. Harroun, T. A., W. T. Heller, ., H. W. Huang. 1999. Experimental
evidence for hydrophobic matching and membrane-mediated interac-
tions in lipid bilayers containing gramicidin. Biophys. J. 76:937–945.
9. Sparr, E., W. L. Ash, ., J. A. Killian. 2005. Self-association of
transmembrane a-helices in model membranes: importance of helix
orientation and role of hydrophobic mismatch. J. Biol. Chem. 280:
39324–39331.
10. Botelho, A. V., T. Huber,., M. F. Brown. 2006. Curvature and hydro-
phobic forces drive oligomerization and modulate activity of rhodopsin
in membranes. Biophys. J. 91:4464–4477.
11. Goforth, R. L., A. K. Chi, ., O. S. Andersen. 2003. Hydrophobic
coupling of lipid bilayer energetics to channel function. J. Gen. Phys-
iol. 121:477–493.
12. Grage, S. L., A. M. Keleshian,., B. Martinac. 2011. Bilayer-mediated
clustering and functional interaction of MscL channels. Biophys. J.
100:1252–1260.
13. de Kruijff, B., J. A. Killian,., E. Sparr. 2006. Striated domains: self-
organizing ordered assemblies of transmembrane a-helical peptides
and lipids in bilayers. Biol. Chem. 387:235–241.
14. Mou, J., D. M. Czajkowsky, and Z. Shao. 1996. Gramicidin A aggrega-
tion in supported gel state phosphatidylcholine bilayers. Biochemistry.
35:3222–3226.
15. Lee, J., and W. Im. 2008. Role of hydrogen bonding and helix-lipid
interactions in transmembrane helix association. J. Am. Chem. Soc.
130:6456–6462.
16. de Meyer, F. J., M. Venturoli, and B. Smit. 2008. Molecular simulations
of lipid-mediated protein-protein interactions. Biophys. J. 95:1851–
1865.
17. Schmidt, U., G. Guigas, and M. Weiss. 2008. Cluster formation of
transmembrane proteins due to hydrophobic mismatching. Phys. Rev.
Lett. 101:128104.
18. Sengupta, D., and S. J. Marrink. 2010. Lipid-mediated interactions tune
the association of glycophorin A helix and its disruptive mutants in
membranes. Phys. Chem. Chem. Phys. 12:12987–12996.
19. Parton, D. L., J. W. Klingelhoefer, and M. S. P. Sansom. 2011. Aggre-
gation of model membrane proteins, modulated by hydrophobic mis-
match, membrane curvature, and protein class. Biophys. J. 101:
691–699.
20. Lagu¨e, P., M. J. Zuckermann, and B. Roux. 2000. Lipid-mediated inter-
actions between intrinsic membrane proteins: a theoretical study based
on integral equations. Biophys. J. 79:2867–2879.
21. Lagu¨e, P., M. J. Zuckermann, and B. Roux. 2001. Lipid-mediated inter-
actions between intrinsic membrane proteins: dependence on protein
size and lipid composition. Biophys. J. 81:276–284.
22. Harroun, T. A., W. T. Heller,., H. W. Huang. 1999. Theoretical anal-
ysis of hydrophobic matching and membrane-mediated interactions in
lipid bilayers containing gramicidin. Biophys. J. 76:3176–3185.
23. Kim, K. S., J. Neu, and G. Oster. 1998. Curvature-mediated interac-
tions between membrane proteins. Biophys. J. 75:2274–2291.
24. Kim, K. S., J. Neu, and G. Oster. 2000. Effect of protein shape on multi-
body interactions between membrane inclusions. Phys. Rev. E Stat.
Phys. Plasmas Fluids Relat. Interdiscip. Topics. 61(4 Pt B):4281–4285.
25. Chou, T., K. S. Kim, and G. Oster. 2001. Statistical thermodynamics of
membrane bending-mediated protein-protein attractions. Biophys. J.
80:1075–1087.
26. Ursell, T., K. C. Huang,., R. Phillips. 2007. Cooperative gating and
spatial organization of membrane proteins through elastic interactions.
PLOS Comput. Biol. 3:e81.
27. Marrink, S. J., H. J. Risselada,., A. H. de Vries. 2007. The MARTINI
force field: coarse grained model for biomolecular simulations. J. Phys.
Chem. B. 111:7812–7824.Biophysical Journal 104(1) 128–138
138 Yoo and Cui28. Helfrich, W. 1973. Elastic properties of lipid bilayers: theory and
possible experiments. Z. Naturforsch. C. 28:693–703.
29. Huang, H. W. 1986. Deformation free energy of bilayer membrane and
its effect on gramicidin channel lifetime. Biophys. J. 50:1061–1070.
30. Powl, A. M., J. M. East, and A. G. Lee. 2008. Importance of direct
interactions with lipids for the function of the mechanosensitive
channel MscL. Biochemistry. 47:12175–12184.
31. Kim, T., K. I. Lee,., W. Im. 2012. Influence of hydrophobic mismatch
on structures and dynamics of gramicidin A and lipid bilayers.
Biophys. J. 102:1551–1560.
32. Yoo, J., and Q. Cui. 2013. Three-dimensional stress field around
a membrane protein: atomistic and coarse-grained simulation analysis
of gramicidin A. Biophys. J. 104:117–127.
33. Marrink, S. J., A. H. de Vries, and D. P. Tieleman. 2009. Lipids on the
move: Simulations of membrane pores, domains, stalks and curves.
Biochim. Biophys. Acta. 1788:149–168.
34. Risselada, H. J., and H. Grubmu¨ller. 2012. How SNARE molecules
mediate membrane fusion: recent insights from molecular simulations.
Curr. Opin. Struct. Biol. 22:187–196.
35. Phillips, R., T. Ursell, ., P. Sens. 2009. Emerging roles for lipids in
shaping membrane-protein function. Nature. 459:379–385.
36. Tang, Y., G. Cao, ., Q. Cui. 2006. A finite element framework for
studying the mechanical response of macromolecules: application
to the gating of the mechanosensitive channel MscL. Biophys. J.
91:1248–1263.
37. Tang, Y., J. Yoo,., X. Chen. 2008. Gating mechanisms of mechano-
sensitive channels of large conductance, II: systematic study of confor-
mational transitions. Biophys. J. 95:581–596.
38. Mondal, S., G. Khelashvili, ., H. Weinstein. 2011. Quantitative
modeling of membrane deformations by multihelical membrane pro-
teins: application to G-protein coupled receptors. Biophys. J. 101:
2092–2101.
39. Lundbaek, J. A., S. A. Collingwood, ., O. S. Andersen. 2010. Lipid
bilayer regulation of membrane protein function: gramicidin channels
as molecular force probes. J. R. Soc. Interface. 7:373–395.
40. Yoo, J., and Q. Cui. 2009. Curvature generation and pressure profile
modulation in membrane by lysolipids: insights from coarse-grained
simulations. Biophys. J. 97:2267–2276.
41. Wu, Z., Q. Cui, and A. Yethiraj. 2011. A new coarse-grained force
field for membrane-peptide simulations. J. Chem. Theory Comput.
11:3793–3802.
42. Hess, B., C. Kutzner,., E. Lindahl. 2008. GROMACS 4: Algorithms
for highly efficient, load-balanced, and scalable molecular simulation.
J. Chem. Theory Comput. 4:435–447.
43. Berendsen, H. J. C., J. P. M. Postma,., J. R. Haak. 1984. Molecular
dynamics with coupling to an external bath. J. Chem. Phys. 81:3684–
3690.
44. Grossfield, A. WHAM: the weighted histogram analysis method,
version 2.0.2. http://membrane.urmc.rochester.edu/content/wham.
45. He´nin, J., and C. Chipot. 2004. Overcoming free energy barriers using
unconstrained molecular dynamics simulations. J. Chem. Phys. 121:
2904–2914.
46. He´nin, J., A. Pohorille, and C. Chipot. 2005. Insights into the recogni-
tion and association of transmembrane a-helices. The free energy of
a-helix dimerization in glycophorin A. J. Am. Chem. Soc. 127:
8478–8484.Biophysical Journal 104(1) 128–13847. Torrie, G. M., and J. P. Valleau. 1977. Non-physical sampling distribu-
tions in Monte-Carlo free-energy estimation: umbrella sampling.
J. Comput. Phys. 23:187–199.
48. Riccardi, D., P. Koenig, ., Q. Cui. 2008. Proton transfer in carbonic
anhdyrase is controlled by electrostatics rather than the orientation of
the acceptor. Biochemistry. 47:2369–2378.
49. Trzesniak, D., A. P. E. Kunz, and W. F. van Gunsteren. 2007. A com-
parison of methods to compute the potential of mean force.
ChemPhysChem. 8:162–169.
50. Karplus, M., and J. N. Kushick. 1981. Method for estimating the
configurational entropy of macromolecules. Macromolecules. 14:
325–332.
51. Schlitter, J. 1993. Estimation of absolute and relative entropies of
macromolecules using the covariance-matrix. Chem. Phys. Lett. 215:
617–621.
52. Baron, R., A. H. de Vries,., W. F. van Gunsteren. 2006. Comparison
of atomic-level and coarse-grained models for liquid hydrocarbons
from molecular dynamics configurational entropy estimates. J. Phys.
Chem. B. 110:8464–8473.
53. Baron, R., A. H. de Vries, ., W. F. van Gunsteren. 2006. Configura-
tional entropies of lipids in pure and mixed bilayers from atomic-level
and coarse-grained molecular dynamics simulations. J. Phys. Chem. B.
110:15602–15614.
54. Pastor, R. W., R. M. Venable, and S. E. Feller. 2002. Lipid bilayers,
NMR relaxation, and computer simulations. Acc. Chem. Res. 35:
438–446.
55. Choe, S., K. A. Hecht, and M. Grabe. 2008. A continuum method for
determining membrane protein insertion energies and the problem of
charged residues. J. Gen. Physiol. 131:563–573.
56. Chetwynd, A., C. L. Wee, ., M. S. Sansom. 2010. The energetics of
transmembrane helix insertion into a lipid bilayer. Biophys. J. 99:
2534–2540.
57. Yiannourakou, M., L. Marsella,., B. Smit. 2010. Towards an under-
standing of membrane-mediated protein-protein interactions. Faraday
Discuss. 144:359–367, discussion 445–481.
58. Kaiser, H.-J. J., A. Or1owski, ., K. Simons. 2011. Lateral sorting in
model membranes by cholesterol-mediated hydrophobic matching.
Proc. Natl. Acad. Sci. USA. 108:16628–16633.
59. Yoo, J., and Q. Cui. 2010. Chemical vs. mechanical perturbations on
the protonation state of arginine in complex lipid membranes: insights
from microscopic pKa calculations. Biophys. J. 99:1529–1538.
60. Yoo, J. 2010. Computational and Theoretical Studies of Lipid
Membrane and Protein-Made Interactions. PhD thesis. University of
Wisconsin-Madison, Madison, WI.
61. Im, W., M. Feig, and C. L. Brooks, 3rd. 2003. An implicit membrane
generalized born theory for the study of structure, stability, and interac-
tions of membrane proteins. Biophys. J. 85:2900–2918.
62. Tanizaki, S., and M. Feig. 2005. A generalized Born formalism for
heterogeneous dielectric environments: application to the implicit
modeling of biological membranes. J. Chem. Phys. 122:124706.
63. Liu, J. J., C. P. Kelly,., C. G. Zhan. 2010. Free energies of solvation
with surface, volume, and local electrostatic effects and atomic surface
tensions to represent the first solvation shell. J. Chem. Theory Comput.
6:1109–1117.
